Glaucoma is the second leading cause of blindness worldwide. Additionally, in contrast to cataract, which is the number one cause, blindness from glaucoma is irreversible. Because the progression of glaucoma is prolonged and may remain silent even for decades, this disease has been referred to as the ''sneaky thief of sight'' [1] . It is estimated there are greater than 60 million people worldwide with glaucomarelated optic neuropathy and that 8.4 million are likely to become blind [2] .
Glaucoma consists of a combination of neurodegenerative changes, affecting both the retina and the central visual pathways [3] . The most common type of glaucoma is primary open-angle glaucoma, which includes high-tension glaucoma. Intraocular pressure (IOP) of 21 mm Hg or higher is defined as ''increased intraocular tension'' [4] .
Glaucoma is a complicated disease, and the diagnosis can be made by using a combination of multiple factors, including family history. Symptoms can be summarized as hazy or blurred vision, the appearance of rainbow-coloured circles around bright lights, eye and head pain, nausea and vomiting, and sudden loss of sight.
Unfortunately, diagnosis of glaucoma sufficiently early remains the main problem. According to the literature, the first signs of visual field impairment (which is still the gold standard for diagnosis) appear when a significant amount (40%e50%) of retinal ganglion cells has been irreversibly lost [5, 6] .
In several recent studies, attempts have been made to describe magnetic resonance imaging (MRI) signs of glaucoma. These studies were based on functional, spectroscopic, and diffusion tensor imaging [1,3e10] . In addition, an article on optic nerve volume changes in glaucoma can be found in the literature [11] . To our knowledge, our evaluation of the tortuosity index (TI) of the optic nerve in patients with glaucoma is the first of its kind. Increased tortuosity of the optical nerve is a sign of neurofibromatosis disease [12e14] .
The aim of this study was to determine the optic nerve TI for 2 groups of patients: patients with increased IOP and those with glaucoma.
Methods
To obtain study data, the archives of the Eye Clinic of our institute was retrospectively searched for the period from January to August 2017. All patients with glaucoma had been diagnosed according to the clinical practice guidelines for glaucoma in Canada. The ocular hypertension group consisted of patients with an IOP of 21 mm Hg or greater in 2 consecutive measurements. Age-and sex-matched healthy subjects were randomly evaluated to be included in the control groups.
All cases included in the study were selected from nonneurofibromatosis patients. All control subjects included in the study were individuals without neurofibromatosis and glaucoma and those with normal IOP.
All patients with increased ocular tension were being followed up with certain time intervals without any treatment. All patients with glaucoma were being followed up as well, but with treatment.
Diagnostic Criteria for Glaucoma
In our study, a comprehensive glaucoma examination was performed after obtaining patient history: examination of inner eye pressure, complete field of vision, and thickness of the cornea, as well as examination of the eye fundus with optical coherence tomography were performed. For a definitive diagnosis, an optic nerve defect, optic nerve fiber layer defect, or visual field loss alone had to be present. Elevated IOP was not required [15] .
Calculating Optic Nerve Tortuosity Index
During the TI measurements, the radiologists did not know which group the images belonged to (control, increased IOP, or glaucoma group) because we did not want these data to affect the measurements.
To calculate TI, conventional orbital MRI sequences were used. Each examination consisted of axial T1 and T2, coronal T1, and coronal STIR images. Slice thickness was 3e 4 mm.
No medication, including contrast media, was used during the examination.
No participant had a medical device (ie, drainage device) and a history of surgery.
The best visualized axial MRI sequences were chosen for 2-dimensional calculation, and additional corresponding coronal slices were used for 3-dimensional calculation of optic nerve tortuosity.
The eye with the higher pressure was chosen to calculate the TI in patients with increased ocular tension. All patients in this group had increased ocular tension in both eyes.
We calculated the mean TI if glaucoma was present in both eyes (44 of 45 patients).
In the 2-dimensional calculation, 2 distances were determined. The first was the shortest distance between the 2 terminal points of the optic nerve (from the globe to the optic chiasm). The second was the sum of all of the subsegments of the optic nerve that were not in the same direction.
In the 3-dimensional calculation, the same method was used but all subsegments were calculated with 3 dimensions. This time, each subsegment's 1-dimension length was calculated to be the square root of the sum of the squares of the apparent coordinate value minus the previous coordinate value of each dimension.
An estimation of the tortuous length of the nerve was computed by summing the short segment lengths, as the Euclidean distance between pairs of points on adjacent coronal slices. Finally, the TI was computed as the ratio between these lengths minus 1, modeled on a similar measure of arterial tortuosity [16] (Figure 1 ).
For instance, let us calculate TI in Figure 2 :
The lengths of the 3 subsegments of the optic nerve are 4.46 mm, 9.75 mm, and 16.28 mm.
Their sum will be 30.49 mm. The shortest distance between the 2 terminal points of the optic nerve (from the globe to the optic chiasm) is 28.65.
The 3-dimensional calculation for the same optic nerve TI:
Each group's (glaucoma and ocular hypertension) mean TI was compared with its own control group separately. In addition, the mean optic nerve tortuosity values of patients with glaucoma and increased ocular hypertension were compared with each other. 
Statistical Analysis
Microsoft Excel program, Student's t test, and Pearson's correlations test were used for statistical comparison.
Ethical Approval
All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards.
All procedures were performed in compliance with relevant laws and institutional guidelines, and the appropriate institutional committee approved them.
Results
The glaucoma group consisted of 45 patients (25 females and 20 males; mean age 59.5 years; age range 41e89). For the control group, 45 healthy age-and sex-matched subjects were recruited. The ocular hypertension group consisted of 45 patients (29 females and 16 males; mean age 52 years; age range 34e72). For the control group, 45 age-and sexmatched healthy subjects were recruited.
The duration of the disease was known for 12 of 45 patients with glaucoma (duration of 6e36 months).
The mean TI value for the glaucoma group was calculated to be 4.18 AE 1.75 (mean AE standard deviation) in the 2dimensional calculation and 6.43 AE 2.42 in the 3dimensional calculation. The corresponding mean TI values for the control group were calculated to be 1.15 AE 0.03 and 1.45 AE 0.05, respectively. The difference between the mean TIs was statistically significant (P <.01).
The mean TI value for the increased ocular tension group was calculated to be 2.54 AE 1.72 in the 2-dimensional calculation and 3.56 AE 2.11 in the 3-dimensional calculation. The corresponding mean TI values for the control group were calculated to be 1.11 AE 0.03 and 1.4 AE 0.05, respectively. The difference between the mean TIs was statistically significant (P <.01) ( Table 1) .
The difference between the mean TI values of the glaucoma and increased ocular tension groups was statistically significant (P <.01) ( Table 2) .
The correlation coefficient between the duration of disease (in months) and optic nerve TI was calculated to be þ 0.12 in patients with glaucoma.
The correlation coefficient between IOP (in mm Hg) and optic nerve TI was calculated to be þ 0.27 in patients with increased ocular tension (Table 3) .
Discussion
Glaucoma must be considered the most important cause of blindness because of 2 factors: the number of people the disease affects and the irreversible damage it causes. MRI is a widely used modality, and a great number of examinations are being performed every day worldwide for many different reasons. The clinical indications can be conditions other than eye diseases, for instance, ischemic-hemorrhagic, inflammatory, and neoplastic processes affecting visual function or even unexplained pain.
Defining MRI findings of glaucoma is becoming a more popular objective of studies in recent years. Especially novel MRI techniques, such as functional MRI, diffusion tensor imaging, and spectroscopy, are at the centre of research. The results are controversial and still developing. To our knowledge, there is no study exactly similar to ours reported in the literature. An article that reports the most similar findings was of a study of optic nerve volume in patients with glaucoma [11] . We found this article helpful to explain increased optic nerve tortuosity.
According to our results, because the optic nerve mean TI was increased in patients with glaucoma, the radiologists could evaluate tortuosity to warn clinicians of the potential risk of blindness caused by this rather sneaky disease. According to the literature, optic nerve tortuosity is increased in patients with neurofibromatosis. We, therefore, hoped to add another reason for increased tortuosity to the actual data.
Conventional orbital MRI slices are 2-dimensional unless the obtained images are reformatted with the device software, when available. As a well-known entity, calculation of 
the TI for a 3-dimensional structure (the optic nerve here) must be in 3-dimensional modelling to obtain results closest to the truth. However, the aim of this study was to determine whether detection of glaucoma with a routine orbital MRI examination is possible or not. Therefore, we found that 2dimensional images can give radiologists an idea of TIs of optic nerves (Figures 2 and 3) . Additionally, the 3dimensional calculation was used as a proof.
TI values were found to be between 1.4% and 7.6% in the 2-dimensional calculation. When optic nerve tortuosity was examined visually (subjectively) in patients with glaucoma, they were not increased substantially compared with that of the control group. In other words, optic nerves of patients with glaucoma do not look like a corkscrew. However, radiologists can still spot increased tortuosity if they keep this in mind.
For the second group (increased ocular tension), the mean optic nerve TI was found to be higher compared with that of the control group. The optic nerve TI values ranged between 1.1% and 8.4% in the increased IOP group. Mean optic nerve tortuosity is increased but is not as high as it is in glaucoma. Glaucoma is a long-term process, and the results can be interpreted in this way: When glaucoma findings are positive with physical and eye fundus examinations, morphologic optic nerve changes also become more apparent. However, these results indicate that determining increased TI will be more challenging for radiologists but will certainly be more valuable. The reason is that if the subject has glaucoma, the earliest diagnosis is the most valuable diagnosis.
After TIs were determined with the 3-dimensional calculation, mean TI values were increased compared with those of the control groups for both the glaucoma and increased ocular tension groups, as with the 2-dimensional calculation.
In clinical practice, when a radiologist encounters a tortuous optic nerve, the 3-dimensional calculation is complicated and cannot be used to evaluate tortuosity. We used the 3-dimensional calculation in this study as a proof of this clinical reality. In other words, we wanted to show that the 2-dimensional appearance can show optic nerve tortuosity as clearly as in the 3-dimensional calculation.
Two mechanisms can be identified as the reason for increased tortuosity. First, ocular hypertension can cause a chronic pushing effect in the globe and attached structures (optic nerve, extraocular muscles) in the long-term disease process. There is no real barrier to prevent this effect posteriorly except for the soft retrobulbar adipose tissue. Despite this situation, the lateral orbital walls of the frontal bone can prevent chronic anterior pushing. As a result, the eyeball and its attached structures may be inclined to move backward.
Second, Ramli et al [11] concluded that loss of optic nerve volume is seen in patients with severe glaucoma. This loss can be the result of loss of optic nerve thickness because the optic nerve cannot become shorter. A thinner optic nerve can fold more easily. These 2 theories mentioned above were the basis for our hypothesis for increased TI.
We also wanted to evaluate the correlation between the TIs and the duration of disease in patients with glaucoma. The correlation coefficient indicated a weakly positive or no correlation between them. Unfortunately, we had very limited data on the duration of disease in the glaucoma group. Information for 12 of 45 patients was known, and we interpreted the results with these limited data.
When we evaluated the correlation between the TIs and IOP in the increased ocular tension group, the correlation coefficient indicated that there was a weakly positive correlation between them. According to our results, optic nerve TIs did not increase much as they did in patients with glaucoma, but there was still a positive correlation as we expected.
As a final point, we had 1 patient with unilateral glaucoma. TIs were 3.3 for the healthy right eye and 8 for the affected left eye. Figure 4 shows the TI differences of the patient with unilateral glaucoma. However, all patients with increased ocular tension were bilaterally affected. The main limitation of this study was the small sample with limited patient data. We particularly had very limited data on the duration of glaucoma. The second limitation was that we were unable to use thin slices (eg, 1 mm) for 3dimensional volumetric measurement, and thin slices are required to obtain the most realistic tortuosity values. New studies with larger patient pools may contribute to the trustworthiness of our results.
Conclusions
Optic nerve TI values were increased in patients with glaucoma and ocular hypertension, more evidently in those with glaucoma. We cannot claim that glaucoma can be diagnosed with conventional MRI and we cannot recommend that radiologists spend their time calculating optic nerve tortuosity, which seems impractical. However, in their practice, when radiologists encounter a tortuous optic nerve, we hope our findings will serve to remind them of the potential risk of glaucoma so that they can add a warning regarding this in their reports.
